[1] Whole Atmosphere Community Climate Model (WACCM) simulations are used to investigate solar and lunar tide changes in the mesosphere and lower thermosphere (MLT) that occur in response to sudden stratosphere warmings (SSWs). The average tidal response is demonstrated based on 23 moderate to strong Northern Hemisphere SSWs. The migrating semidiurnal lunar tide is enhanced globally during SSWs, with the largest enhancements ($60-70%) occurring at mid to high latitudes in the Northern Hemisphere. Enhancements in the migrating solar semidiurnal tide (SW2) also occur up to an altitude of 120 km. Above this altitude, the SW2 decreases in response to SSWs. The SW2 enhancements are 40-50%, making them smaller in a relative sense than the enhancements in the migrating semidiurnal lunar tide. Changes in nonmigrating solar tides are, on average, generally small and the only nonmigrating tides that exhibit changes greater than 20% are the diurnal tide with zonal wave number 0 (D0) and the westward propagating semidiurnal tide with zonal wave number 1 (SW1). D0 is decreased by $20-30% at low latitudes, while SW1 exhibits a similar magnitude enhancement at mid to high latitudes in both hemispheres. The tidal changes are attributed to a combination of changes in the zonal mean zonal winds, changes in ozone forcing of the SW2, and nonlinear planetary wave-tide interactions. We further investigate the influence of the lunar tide enhancements on generating perturbations in the low latitude ionosphere during SSWs by using the WACCM-X thermosphere to drive an ionosphere-electrodynamics model. For both solar maximum and solar minimum simulations, the changes in the equatorial vertical plasma drift velocity are similar to observations when the lunar tide is included in the simulations. However, when the lunar tide is removed from the simulations, the low latitude ionosphere response to SSWs is unclear and the characteristic behavior of the low latitude ionosphere perturbations that is seen in observations is no longer apparent. Our results thus indicate the importance of variability in the lunar tide during SSWs, especially for the coupling between SSWs and perturbations in the low latitude ionosphere. 
Introduction
[2] Sudden stratospheric warmings (SSWs) are characterized by large-scale rapid changes in the polar winter middle atmosphere. During SSWs, the zonal mean temperature in the polar stratosphere increases by tens of degrees Kelvin over the course of a few days. Accompanying the temperature increase, the eastward winds in the high latitude stratosphere decelerate, and during major SSWs become westward [e.g., Schoeberl, 1978; Limpasuvan et al., 2004] . SSWs are produced through the interaction of upward propagating planetary waves, primarily either zonal wave number 1 or 2, and the zonal mean flow [Matsuno, 1971] . Although the occurrence of SSWs is defined based on changes in the stratosphere, SSWs are also associated with notable changes throughout the atmosphere. The gravity wave propagation and forcing of the middle atmosphere is altered during SSWs [Ren et al., 2008; Yamashita et al., 2010; Limpasuvan et al., 2011] . Observations and model results also indicate that a cooling of the mesosphere often accompanies SSWs [Liu and Roble, 2002; Cho et al., 2004] . Changes in neutral temperature in the thermosphere may also occur during SSWs; however, the changes, if any, that occur in the thermosphere remain unclear Fuller-Rowell et al., 2011a] .
[3] In addition to significantly impacting the dynamics of the middle atmosphere, a number of recent studies have revealed a connection between the occurrence of SSWs and dramatic changes in the low latitude ionosphere. These studies have demonstrated that the equatorial vertical plasma drift velocity is significantly increased during the morning and decreased in the afternoon a few days after the occurrence of SSWs [Chau et al, 2009 Anderson and AraujoPradere, 2010; Fejer et al., 2010; Rodrigues et al., 2011] . The drift perturbations drive a similar morning enhancement and afternoon depletion of ionospheric densities [Goncharenko et al., 2010a [Goncharenko et al., , 2010b . The changes in the ionospheric densities during SSWs are primarily concentrated in the equatorial ionization anomaly (EIA) crest regions, indicating that they are primarily driven by the changes in the equatorial vertical plasma drift velocity. Notable changes have also been observed in the global ionospheric current system during SSWs [Yamazaki et al., 2012a] . A comprehensive review of the connection between SSWs and perturbations in the ionosphere can be found in Chau et al. [2011] .
[4] The connection between the large dynamical changes that occur in the high latitude stratosphere during SSWs and significant variability in the low latitude ionosphere is surprising. This connection is unexpected especially since the SSW induced changes in zonal mean temperatures and winds are confined to the high latitude stratosphere and mesosphere. A number of mechanisms have been proposed to explain how changes that primarily occur in the high latitude stratosphere are connected to the low latitude ionosphere. The ionospheric changes are generally believed to be driven by neutral wind changes in the ionospheric E-region. Changes in the E-region neutral winds will impact the dynamo generation of electric fields and currents, and, in-turn, F-region electron densities. The nature of the neutral wind changes are not presently known, and several different possibilities have been suggested. The modeling study by Liu et al. [2010a] demonstrated that despite the fact that quasi-stationary planetary waves (QSPWs) are confined to the high latitude stratosphere and mesosphere, they can influence migrating and nonmigrating solar tides globally. Most notably, the introduction of a wave number 1 QSPW produced changes in the migrating semidiurnal tide (SW2) and westward propagating nonmigrating semidiurnal tide with zonal wave number 1 (SW1). The tidal changes occurred globally in the MLT, and generated perturbations in the low latitude ionosphere that are similar to those observed during SSWs. It has also been suggested that large changes in the migrating terdiurnal tide (TW3) are responsible for the ionospheric perturbations during SSWs [Fuller-Rowell et al., 2010 , 2011b . Observational studies have supported the connection between the ionospheric perturbations and changes in migrating and nonmigrating solar tides [Pedatella and Forbes, 2010; Pancheva and Mukhtarov, 2011; Lin et al., 2012] .
[5] In addition to the aforementioned changes in solar tides, a modification of the lunar tide has also been suggested as a possible mechanism for coupling SSWs to disturbances in the low latitude ionosphere. Lunar tidal winds in the MLT are well known to introduce a lunar semidiurnal oscillation in ionospheric currents and densities, as well as the equatorial electrojet and vertical plasma drift velocity [Matsushita, 1967; Stening, 1986; Stening et al., 1999; Stening and Fejer, 2001] . Several recent observational studies have demonstrated the lunar semidiurnal oscillation in the equatorial electrojet and vertical drift velocity is significantly enhanced during SSWs [Fejer et al., 2010 Park et al., 2012; Yamazaki et al., 2012b] . The observed enhancement in the lunar semidiurnal oscillation in the ionosphere is consistent with prior numerical modeling results [Stening et al., 1997] . Stening et al. [1997] used the linear Global Scale Wave Model (GSWM) to demonstrate that the migrating semidiurnal lunar tide in the MLT neutral winds is significantly enhanced during SSWs. The ionospheric lunar tides would subsequently be enhanced due to the larger lunar tide in MLT neutral winds. The study performed by Stening et al. [1997] thus supports the observational evidence that enhanced ionospheric lunar tides are important for driving the changes in the low latitude ionosphere during SSWs.
[6] Although tidal changes, and subsequent modulation of the E-region dynamo, are the generally accepted mechanism for producing the low latitude ionospheric variability during SSWs, the exact nature of the tidal changes remains poorly understood. Past modeling studies of solar tidal variability during SSWs [Fuller-Rowell et al., 2010 , 2011b Wang et al., 2011] have focused on single events, and any changes in the tides around the time of the SSW may not necessarily be driven by the SSW. That is, the tidal changes could be driven by other changes in the atmosphere that are occurring at the same time as the SSW and may not be directly connected to the SSW. Furthermore, the zonal mean temperatures and winds specified in the GSWM by Stening et al. [1997] to study the influence of SSWs on the lunar tide in the MLT may not be entirely representative of those that occur during SSWs. This is especially the case since Stening et al. [1997] introduced the SSW into their model through adding a fairly simple modification to the Northern Hemisphere high latitude temperatures in the stratosphere and mesosphere. The objective of the present study is thus to perform a detailed investigation of the average response of solar and lunar tides in the MLT during SSWs. The tidal changes are investigated based on 23 SSWs that are simulated by the Whole Atmosphere Community Climate Model (WACCM). We further explore the importance of the lunar tide on driving the low latitude ionosphere perturbations during SSWs through the use of WACCM-X to drive an ionosphere-electrodynamics model.
Numerical Models and Analysis

Whole Atmosphere Community Climate Model
[7] The WACCM is a comprehensive numerical model of Earth's atmosphere spanning altitudes from the ground to the lower thermosphere. For a detailed description of the WACCM the reader is referred to Garcia et al. [2007] . In order to investigate changes in the lunar tide during SSWs, the present simulations incorporate the forcing of the atmospheric lunar tide as described by Pedatella et al. [2012] . The WACCM simulations are performed under constant solar maximum (f10.7 = 210 Â 10 À22 Wm À2 Hz À1 ) and moderate geomagnetic activity (K p = 4) conditions. The model resolution is 1.9 in latitude and 2.5 in longitude. Oceans and ice are prescribed under year 2000 conditions for the present simulations. As the objective of the present study is to investigate the average response of solar and lunar tides to SSWs, it is necessary to differentiate between SSW induced changes and those that may be related to internal model variability. To adequately separate tidal changes due to SSWs from internal model variability, and establish reliable statistics, we have performed a 40-member ensemble simulation covering Northern Hemisphere winter months (1 November to 1 April). Each ensemble member was initialized with slightly different initial conditions, and after $20 days model divergence results in 40 unique Northern Hemisphere winter simulations.
[8] In section 3.1 we present results for the average solar and lunar tidal response to SSWs. For the purpose of the present study, we only consider SSWs where the maximum zonal mean temperature difference between 90 N and 60 N at 10 hPa is greater than 20 K. This restricts the focus of the present investigation to SSWs that are moderate to intense events. Note that in the selection of SSWs we do not take into account the behavior of the zonal mean zonal winds, and our analysis thus includes both major and minor SSWs. In the 40-member ensemble simulation there are 23 SSWs (9 major and 14 minor SSWs) that satisfy our criteria, providing an ample number of SSW events to examine the average response of solar and lunar tides in the MLT to SSWs. We note that the tidal response may be slightly different for major and minor SSWs. Additionally, we do not distinguish between vortex displacement and vortex splitting events. The tidal response to vortex displacement and vortex splitting SSWs may be different due to the dynamical differences between these two types of SSWs [Charlton and Polvani, 2007] . The limited number of SSWs prevents us from distinguishing between major and minor SSWs as well as vortex displacement and vortex splitting SSWs. Although there may be slight differences in the tidal response to different types of SSWs, our results can be considered to be representative of the average tidal response to SSWs. The average changes in the zonal mean zonal wind and temperature based on our criteria are shown in Figures 1a and 1b , respectively. Figure 1 reveals the expected changes associated with SSWs, and is similar to prior model results [e.g., Liu and Roble, 2002] . In particular, Figure 1a shows larger westward winds in the Northern Hemisphere high latitude stratosphere, accompanied by stronger eastward winds in the mesosphere. The warming of the Northern Hemisphere high latitude stratosphere, cooling of the mesosphere, and slight lower thermosphere warming is also clear in Figure 1b . The zonal wind changes are $20-30 ms À1 in the stratosphere and $10-20 ms À1 in the mesosphere. These are averages over 23 SSWs of various magnitudes, and thus are relatively moderate compared with a single strong event. It is important to keep the magnitude of these changes in consideration throughout the subsequent discussions of average tidal changes during SSWs.
[9] To investigate the tidal changes due to SSWs, at each latitude and height, we first calculate daily values for various migrating and nonmigrating solar and lunar tides. This is done by performing a least squares fit of migrating and nonmigrating solar diurnal, semidiurnal, and terdiurnal tides, and a lunar semidiurnal tides to model results in a sliding 14.75-day window as described in Pedatella et al. [2012] . Daily climatological values are then calculated based on the mean of the 40-member ensemble. The residuals from the climatology are used in the analysis of tidal changes associated with SSWs. We use residuals in our analysis to prevent our results from being influenced by background seasonal and latitudinal changes in the tides. Last, to investigate the average tidal response to SSWs, we calculate the average of the residuals between the peak warming and 10 days after the warming. We include changes up to 10 days following the warming in order to capture any delayed response that may occur. It should be noted that although there are some minor differences, the overall behavior of the tidal changes are similar if averaged between the peak warming and anywhere from 5 to 20 days following the warming.
WACCM-X
[10] The WACCM only extends up to $145 km altitude, and it is therefore unsuitable for studying the ionosphere density and electrodynamic perturbations during and after SSWs. To study these effects, we make use of the thermosphere extension of the WACCM, known as WACCM-X. WACCM-X is identical to the WACCM except for the inclusion of the additional chemical and physical processes necessary to extend the model upper boundary to $400km. The additional processes included in WACCM-X are describe in Liu et al. [2010b] , and not repeated herein. We note that ideally, the 40-member ensemble run used to investigate tidal changes during SSWs described in section 2.1 would be performed using WACCM-X. However, computational resources limit such extensive WACCM-X simulations, and we have therefore only performed a few WACCM-X simulations to investigate the influence of the lunar tide on the low-latitude ionosphere during SSWs. In sections 3.2 and 3.3 we will present results based on four different WACCM-X simulations of SSWs. Two simulations were performed for constant solar maximum (f10.7 = 200 Â 10 À22 Wm
À2
Hz
À1
) and two for solar minimum (f10.7 = 70 Â 10 À22 Wm À2 Hz À1 ) conditions. For each solar condition, we first perform simulations with the inclusion of lunar tidal forcing. To investigate the influence of the lunar tide, a second simulation is also performed where $15 days prior to the SSW the lunar tidal forcing is turned off. Because of the chaotic nature of the WACCM-X, once any dynamical change is made model divergence will occur. Model divergence will therefore occur following the removal of the lunar tidal forcing. This means that it is not possible to simulate the exact same SSW with and without inclusion of the lunar tide. However, by only turning off the lunar tidal forcing 15 days prior to the SSW we obtain two simulations, one with and one without lunar tides, that have generally similar SSWs.
Ionosphere-Electrodynamics Model
[11] The current version of WACCM-X does not include ionosphere electrodynamics, and it is therefore not presently suitable for studying the response of the ionosphere to SSWs. To investigate the ionosphere response to SSWs, we use the WACCM-X thermosphere (neutral composition, temperature, and winds) to drive an ionosphere-electrodynamics model. The model used in the present study is the Global Ionosphere Plasmasphere (GIP) model [Millward et al., 2007] coupled to the electrodynamics portion of the National Center for Atmospheric Research (NCAR) Thermosphere Ionosphere Electrodynamics General Circulation Model (TIE-GCM) [Richmond et el., 1992] . This is similar to the model described by Pedatella et al. [2011] , except that in the present study the WACCM-X thermosphere is used in place of the TIE-GCM thermosphere. Additionally, we only implement one-way coupling between the models, and there is thus no feedback from the ionosphere-electrodynamics model to the WACCM-X thermosphere. The lack of feedback is not thought to have any significant influence on the ionospheric response to SSWs. This has been demonstrated by prior modeling studies which have been able to reasonably reproduce the ionosphere response to SSWs utilizing a similar one-way coupling approach [Fuller-Rowell et al., 2010; Fang et al., 2012] .
Results
Average Lunar and Solar Tidal Changes During SSWs
[12] Figure 2 shows the average response in the MLT of the migrating semidiurnal lunar tide in zonal (2a and 2b) and meridional winds (2c and 2d) to SSWs. The grey shading in Figures 2b and 2d indicates statistical significance at the 95% confidence level based on a Student's t-test. From Figure 2 , it is clear that the migrating semidiurnal lunar tide exhibits statistically significant enhancements globally due to SSWs. The largest neutral wind enhancements are $2-3 ms À1 and occur near AE40-50 latitude in both hemispheres. Although the enhancement is observed at mid to high latitudes in both hemispheres, the Northern Hemisphere enhancement is larger. The changes in the migrating semidiurnal lunar tide are small in absolute terms; however, they represent changes of 60-70% relative to the climatological average lunar tide. They therefore represent large, potentially important, changes. Using the GSWM, previous simulations by Stening et al. [1997] showed similar enhancements of $70% in the lunar tide amplitude occurred during SSWs in the Northern Hemisphere MLT. However, their simulation results showed significantly larger enhancements in the Southern Hemisphere. Stening et al. [1997] artificially introduced a SSW into their model through modification of the zonal mean winds and temperatures. The zonal mean winds and temperatures used by Stening et al. [1997] may thus not be entirely representative of SSWs. This is considered to be a potential reason for the discrepancy between our results and those of Stening et al. [1997] .
[13] In addition to changes in the lunar tide, the WACCM simulations reveal that significant changes also occur in the solar tides. Figure 3 presents the changes in the migrating semidiurnal solar tide (SW2) that occur in response to SSWs in the same format as Figure 2 . Similar to the migrating semidiurnal lunar tide, there are global changes in the SW2, and these changes are nearly all statistically significant. The changes in the SW2 are also stronger in the Northern Hemisphere. However, it is clear from Figure 3 that the SW2 changes are considerably more complex than those in the migrating semidiurnal lunar tide. In both hemispheres, the SW2 is enhanced at altitudes of $100-115 km between AE40À50 latitude. However, at mid to high latitudes in the Northern Hemisphere the SW2 is reduced in amplitude above 120 km. The largest absolute changes in the SW2 are significantly greater in comparison to the migrating lunar semidiurnal tide. The SW2 enhancements are $4-6 ms À1 , and the depletions are $2-4 ms À1 . These changes represent $30-50% changes in the SW2, and the SW2 changes are therefore slightly smaller than those in the migrating semidiurnal lunar tide in a relative sense. We note that small changes in the tidal phase (not shown) also occur. However, the phase changes are less than $1-2 h, and are thus considered to be of relatively minor importance in terms of their contribution to the total dynamical changes that occur in the MLT during SSWs.
[14] The SSWs also produce changes in some of the nonmigrating solar tides. Figure 4 shows the SSW induced changes in meridional neutral winds for the diurnal tide with zonal wave number-0 (D0) (4a and 4b) and the westward propagating semidiurnal tide with zonal wave number-1 (SW1). The changes in D0 and SW1 are only $20-30% relative to their background climatological values. The nonmigrating tide changes are thus considerably smaller than those that occur in the migrating semidiurnal solar and lunar tides. Nonetheless, these are still relatively large changes which will impact the overall dynamics of the MLT, and it is worthwhile to briefly discuss the changes that occur in D0 and SW1 in response to SSWs. D0 is primarily reduced in amplitude, with the largest changes occurring at low latitudes and near 100 km. The changes in D0 are $2-3 ms À1 and represent about a 30% reduction in the D0 amplitude. The most notable change in SW1 is the enhancement that occurs at mid to high latitudes in both hemispheres near 105-110 km. The greatest SW1 changes are similar in magnitude (2-3 ms À1 and $30%) to the changes in D0. Similar to the migrating semidiurnal solar and lunar tides, the SW1 changes are larger in the Northern Hemisphere compared to the Southern Hemisphere.
[15] Note that we have chosen to only present results for the migrating semidiurnal lunar tide, D0, SW1, and SW2 since these are the only tides that exhibit large changes in their average response to SSWs. Although changes in other solar tides do occur, they are all relatively small (i.e. less than 15-20%) and we thus do not present results for these tides. Whole Atmosphere Model (WAM) simulations of SSWs have revealed that large changes occur in the migrating terdiurnal tide (TW3) during SSWs [Fuller-Rowell et al., 2010; Wang et al., 2011] . Unfortunately, the WACCM does not reliably reproduce the climatological behavior of the TW3 making it unsuitable to investigate TW3 changes in response to SSWs. We also emphasize that the results presented are representative of the average lunar and solar tide changes due to moderate to strong SSWs. Variability in the tidal response to individual SSWs is to be expected, and a significant departure from the average response may occur for specific SSWs. Our results do, however, elucidate the tidal changes that may be anticipated to occur in response to SSWs, and clearly separate tidal changes that occur in response to SSWs from those that may occur during individual SSWs but may be driven by other variability, and not actually due to the occurrence of the SSW. Potential mechanisms for generating the aforementioned changes in the semidiurnal lunar tide and solar tides will be discussed in section 4.
Ionosphere Variability During Solar Maximum
[16] The results in the previous section clearly demonstrate that significant changes occur in the migrating semidiurnal lunar tide and certain solar tides due to SSWs, and we now turn our attention to how these changes influence the low latitude ionosphere. Figure 5 shows the amplitude of the migrating semidiurnal lunar (5a) and solar (5b) tides in zonal neutral wind at 40 N latitude during a SSW simulated by WACCM-X for solar maximum conditions. Note that the results are presented at 40 N since this is within the range of latitudes where the largest tidal changes are anticipated to occur. To illustrate the strength and timing of the SSW, the 10 hPa daily zonal mean temperature at 60 N and 90 N, as well as the daily zonal mean zonal wind at 60 N are shown in Figure 5c . Figure 5c shows that the SSW peaks around day 30, with the largest temperature difference between 90 N and 60 N reaching $30K. The eastward zonal mean zonal wind weakens beginning around day 23, and eventually reverses to westward. The zonal mean zonal wind reversal to westward indicates that this is a major SSW. Figures 5a and 5b reveal notable changes in both the migrating semidiurnal lunar and solar tide following the peak warming. The changes begin around the time of the peak warming (day 30) and are largest $10 days later. The delay between the peak warming and the largest tidal changes is thought be related to the time required for the global tides to adjust to any changes in forcing and/or propagation conditions [e.g., Vial et al., 1991] . The delay between the peak of the SSW and the tidal changes may also explain the observed delay between the occurrence of SSWs and low latitude ionosphere perturbations [Chau et al., 2009 Pedatella and Forbes, 2010; Lin et al., 2012] . We note that the tidal changes in Figure 5 are smoothly varying in time. This is due to the 14.75 day window that is used in the least squares fit, and the actual tidal changes may occur on shorter timescales and exhibit more day-to-day variability during the SSW. Although the general behavior of the tidal changes is consistent with the average response to SSWs (Figures 2 and 3) , the changes in the WACCM-X simulation are larger than the average response. The largest changes are $8 ms À1 in the migrating semidiurnal lunar tide, and $10 ms À1 in the SW2. The tidal changes in the WACCM-X solar maximum simulation are thus about twice as strong as the average response. The larger response is at least partly expected since the simulation represents a relatively strong SSW. While we recognize that the WACCM-X simulated SSW may not be fully representative of the average changes that occur in the tides during SSWs, the general similarity between the tidal changes and the average response indicates that this simulation is suitable for investigating how the tidal changes may impact the low latitude ionosphere.
[17] The changes in the zonal mean vertical drift velocity at the magnetic equator and 300 km during the WACCM-X solar maximum SSW simulation are shown in Figure 6a . Note that to emphasize the changes that occur due to the SSW the background local time variation in the drifts has been removed. The background local time variation is based on the mean value at each local time over the entire period shown. Figure 6a shows that the largest changes in the vertical drift velocity occur beginning around day 33-34 and persist for $10 days. The changes in the vertical drift velocity thus occur around the time of the greatest tidal changes shown in Figure 5 . The perturbations in the vertical drift velocity are characterized by a morning enhancement and afternoon depletion. Furthermore, these features progress to later local times over the course of several days. The morning enhancement and afternoon depletion as well as the progression to later local times is consistent with observations of changes in the vertical drift velocity during SSWs [Chau et al., 2009 Anderson and Araujo-Pradere, 2010; Fejer et al., 2010] . The simulated drift perturbations are only $2-3 ms À1 and are thus considerably smaller than the $10-30 ms À1 seen in observations. However, the changes in the vertical drift velocity presented in Figure 6 are for the zonal mean, and the observations are for a specific longitude. Furthermore, the simulated changes in the vertical drift velocity exhibit longitudinal variability as will be shown in the following section, and longitudinal variability may explain some of the difference between the zonal mean drift perturbations in Figure 6 and the observations. However, longitudinal variability alone does not fully explain this discrepancy. The different magnitude of the vertical drift velocity changes between our simulation results and observations will be discussed in more detail in section 4.
[18] To investigate the importance of the lunar tide on producing disturbances in the low latitude ionosphere during SSWs, the WACCM-X solar maximum simulation was restarted on day 15 without inclusion of the lunar tide forcing. The changes in the zonal mean equatorial drift velocity at 300 km for the simulation without lunar tide forcing are shown in Figure 7a . The 10 hPa daily zonal mean temperature at 60 N and 90 N along with the zonal wind at 60 N are shown in Figure 7b . Note that the simulated SSW is different than the previous simulation ( Figure 6b ) due to model divergence following the removal of the lunar tidal forcing. In this case two SSWs take place. The first SSW occurs around day 33 and the second around day 52. There does not appear to be any clear response of the vertical drift velocity to the first warming. A slight decrease in the afternoon vertical drift velocity and enhanced morning drifts occur between days 50-55 around the time of the second SSW. Whether these changes are connected to the SSW is unclear especially considering that the changes are weaker than those in Figure 6a and do not progress to later local times. The progression of the vertical drift velocity perturbations to later local times is a characteristic feature of the low latitude ionosphere response to SSWs that is revealed by observations. The absence of this feature from Figure 7a indicates that the enhancement of the migrating semidiurnal lunar tide is of significant importance for producing the low latitude drift perturbations during SSWs.
Ionosphere Variability During Solar Minimum
[19] The changes in the migrating semidiurnal lunar and solar tides at 40 N for the WACCM-X solar minimum simulation are shown in Figures 8a and 8b , respectively. Figure 8c shows the 10 hPa daily zonal mean temperature at 60 N and 90 N, and the zonal mean zonal wind at 60 N. Figure 8c reveals that a relatively weak SSW occurs beginning around day 7, and lasts for several days. The zonal mean zonal winds at 60 N and 10 hPa do not reverse to westward meaning that the simulated SSW is a minor warming event. Despite the relatively weak nature of the SSW, changes are observed in both the migrating semidiurnal solar and lunar tides. Similar to the solar maximum simulation, the largest tidal changes occur around day 15 which is several days after the peak warming. The changes in the migrating lunar tide are $3-4 ms À1 , and those in the migrating semidiurnal solar tide are $6-8 ms
À1
. The tidal changes in this case are thus smaller than those in the solar maximum simulation. We attribute the weaker tidal response to be primarily due to the weaker SSW for this simulation. The tidal changes for the WACCM-X solar minimum simulation are, however, more consistent with the average response to SSWs based on WACCM solar maximum simulations discussed in section 3.1. We note that the response of the lunar and solar tides in the MLT may exhibit some solar activity dependence, but detailed investigation of these effects is beyond the scope of the present study. The overall similarity in the changes of the migrating semidiurnal lunar and solar tides with the average response to SSWs again indicates that the simulated SSW under solar minimum conditions is appropriate for examining the low latitude ionosphere response to the SSW.
[20] Changes in the zonal mean vertical drift velocity at the magnetic equator and 300 km due to the SSW for the solar minimum simulation are shown in Figure 9a . Around the time of the SSW significant changes occur in the vertical drift velocity. The vertical drift velocity perturbations occur beginning around days 8-10. We note that this is a few days prior to the large change in the migrating semidiurnal lunar tide. However, the tides are estimated using a 14.75-day window, and this may introduce a slight offset in the timing of the changes in the tides and the response in the ionosphere. Consistent with the observations as well as the previously discussed solar maximum simulation, the drift perturbations are characterized by a morning enhancement and an afternoon depletion. The perturbations also shift to later local times over several days. Interestingly, despite the fact that the tidal changes are smaller than the solar maximum simulation, the changes in the vertical drift velocity are nearly twice as large for the solar minimum simulation compared to the solar maximum simulation. While this may indicate that the influence of SSWs on the ionosphere may be greater during solar minimum compared to solar maximum, we have only presented a single case for each solar condition. Based on our limited simulations, it is not possible to make any definitive conclusions on the impact of solar conditions on coupling between SSWs and the low latitude ionosphere.
[21] Figure 10a shows the changes in the zonal mean equatorial vertical drift velocity for the WACCM-X solar minimum simulation in the absence of lunar tidal forcing. In this case, forcing of the lunar tide in the WACCM-X was turned off on day 0 of the simulation. Daily zonal mean temperatures at 10 hPa and 60 N and 90 N and the daily zonal mean zonal winds at 10 hPa and 60 N are presented in Figure 10b . Unlike the solar maximum simulations, comparison between Figures 9b and 10b reveals that very similar SSWs occur in the two solar minimum simulations, providing an ideal test case for the impact of the lunar tides during SSWs on the low latitude ionosphere. There is perhaps a weak response to the SSW around days 8-14, however, the changes are small and it is difficult to clearly connect these perturbations to the SSW. Similar to the solar maximum simulation in the absence of lunar tidal forcing, a shift of any perturbations in the vertical drift velocity to later local times is not clearly apparent in Figure 10b . The solar minimum simulation again indicates that the enhancement in the lunar tide is critical for producing the perturbations in the low latitude ionosphere during SSWs.
[22] Observations [Anderson and Araujo-Pradere, 2010; Fejer et al., 2010] and model results [Fang et al., 2012] have demonstrated that the low latitude ionosphere response to SSWs exhibits some longitudinal variability. We now briefly discuss the longitudinal variability that is seen in our simulations. The longitudinal variability of the vertical plasma drift velocity perturbations at local times of 9, 12, and 15 for the solar minimum simulation are shown in Figure 11 . Note that in order to emphasize the changes we have again removed the background local time and longitude variations based on the mean values over the simulation period. The morning enhancement and afternoon depletion is clearly evident around the time of the SSW. Figure 11 shows that the SSW induced changes in the vertical drift velocity occur at all longitudes. However, the magnitude of the vertical drift velocity perturbations does exhibit longitudinal variability, and this is most pronounced at local times of 12 and 15. Relatively minor longitudinal variability is observed in the morning enhancement of the vertical drifts, and the largest morning enhancement occurs around $120 longitude. The weak longitude variability in the morning vertical drift velocity enhancement as well as the largest morning enhancement occurring near $120 is consistent with simulations of the 2009 SSW [Fang et al., 2012] . In the afternoon (Figure 11c ), the decrease in the vertical drift velocity displays a clear wave number 1 variation in longitude. The largest decrease in the drifts occurs between $120-240
. The simulations by Fang et al. [2012] for the 2009 SSW similarly show a strong wave number 1 longitude variation in the afternoon vertical drift velocity perturbations. However, the largest afternoon decrease in the vertical drift velocity occurs around $60-120 in their simulations. The difference in the location of the largest downward drift perturbations may be related to differences between the SSW in our simulation and the 2009 SSW studied by Fang et al. [2012] .
Discussion
[23] The results in section 3.1 demonstrate that the migrating semidiurnal lunar and solar tides and certain nonmigrating solar tides change significantly during SSWs. We now briefly discuss what may be the driving mechanism for the changes in the migrating and nonmigrating solar tides and the migrating semidiurnal lunar tide. There are several potential mechanisms that may drive the tidal changes that occur in response to the SSWs. First, changes in the zonal mean zonal winds are considered to be of considerable importance for the tidal changes shown in Figures 2-4 . This is especially the case for the changes that occur in the migrating semidiurnal lunar tide. The fact that Stening et al. [1997] obtained generally similar changes in the migrating semidiurnal lunar tide by only altering the zonal mean zonal winds and temperatures indicates that the lunar tidal changes in the WACCM are predominately driven by changes in the mean atmospheric state. The changes in the zonal mean zonal winds will also influence the vertical propagation of the SW2, D0, and SW1 into the MLT, and may be responsible for some of the changes that occur in these tides. A detailed investigation of how changes in the zonal mean zonal winds may impact these tides in the MLT is beyond the scope of the present study. Several recent studies have reported changes in the SW2 during SSWs, and suggested that these may be related to changes in ozone Sridharan et al., 2012; Goncharenko et al., 2012] . We thus consider the possibility that some of the changes in the SW2 in the WACCM simulations are the result of changes in ozone forcing of the SW2. However, the impact that changes in ozone associated with SSWs will have on the SW2 has yet to be investigated in detail. Additional studies are therefore necessary to Figure 11 . Change in the equatorial vertical drift velocity at 300 km as a function of longitude and time at local times of (a) 9, (b) 12, and (c) 15. Results are for solar minimum simulation with lunar tide forcing.
understand how the SW2 changes in response to ozone variability during SSWs. Last, the tidal changes may also be influenced by the nonlinear interaction between tides and planetary waves. The interaction between SW2 and a zonal wave number one planetary wave may be responsible for the enhancement in SW1 during SSWs Pedatella and Forbes, 2010] . This interaction would, however, be expected to reduce the amplitude of SW2 while enhancing the SW1 amplitude. A decrease in SW2 due to planetary wave-tide nonlinear interactions could be offset by the aforementioned changes in zonal mean zonal winds and/ or ozone, leading to the overall enhancement in SW2 that is shown in our simulation results. Clearly the mechanisms driving the tidal changes during SSWs are complex, and additional studies are necessary in order to fully understand how several different mechanisms may combine to generate the aggregate tidal response to SSWs.
[24] Recent observational results have suggested that the lunar tide in the ionosphere is enhanced during SSWs, and that this is the mechanism responsible for generating disturbances in the low latitude ionosphere during SSWs [Fejer et al., 2010 Park et al., 2012; Yamazaki et al., 2012b] . The simulation results presented in sections 3.2 and 3.3 provide further support to the hypothesis that the low latitude ionosphere perturbations that occur during SSWs are driven primarily by enhanced lunar tides. However, it should be noted that simulations using the Whole Atmosphere Model (WAM) to drive the Coupled Thermosphere Ionosphere Plasmasphere Electrodynamics model (CTIPe) generally reproduce the observed vertical drift velocity perturbations during SSWs despite not including lunar tides [Fuller-Rowell et al., 2010 , 2011b Fang et al., 2012] . This is contrary to our results which indicate that inclusion of the lunar tide forcing is of fundamental importance for generating the low latitude ionosphere response to SSWs. The reason for the difference between our results and the WAM/ CTIPe simulations is not immediately clear. A fortuitous change in the amplitude and phases of different solar tides could result in low latitude drift perturbations similar to those seen in observations. It is considered a possibility that changes in the solar tides during the SSWs studied by FullerRowell et al. [2010 FullerRowell et al. [ , 2011b and Fang et al. [2012] occurred in such a manner, and they were thus able to reproduced the ionospheric perturbations without inclusion of a lunar tide. However, based on the results in the present paper, along with the significant observational support for enhanced lunar tides during SSWs, we conclude that the lunar tide plays a key role in coupling between SSWs and the low latitude ionosphere.
[25] As was discussed in sections 3.2 and 3.3, although the behavior of the simulated vertical drift velocity perturbations is consistent with observations, the magnitudes of the changes are smaller than what is observed. We are uncertain as to the exact reason for this discrepancy, although we consider several possibilities for the difference between our simulation results and the observations. First, the absolute values of the daytime vertical drift velocities in our simulations are $5-10 ms À1 smaller than observational based climatological values [Scherliess and Fejer, 1999] . The reason the ionosphere-electrodynamics model used underestimates the daytime vertical plasma drift velocities is not currently known. Although we have removed the background values, it remains a possibility that the perturbations in the daytime vertical drift velocity will be underestimated as a result of the same deficiency in the model that results in the absolute daytime vertical drift velocities to be too small. Additionally, we have only investigated two SSWs and the number of SSWs for which there are observations of the vertical drift velocity is also fairly limited. It is therefore possible that differences between individual SSW events may be partly responsible for the different magnitude vertical drift velocity perturbations between our simulation results and observations.
[26] A remaining question is whether or not there is a significant solar activity dependence on the low latitude ionosphere response to SSWs. Our results show larger vertical plasma drift perturbations for the solar minimum simulation compared to the solar maximum simulation. While this suggests a larger ionosphere response occurs during solar minimum, it is important to recognize that the simulations are for different SSWs. The difference in the vertical drift velocity perturbations may therefore be the result of different dynamics during these two events, and not the result of the solar flux differences. Fejer et al. [2011] found a larger influence on the low latitude ionosphere during low solar flux SSWs. The results of Fejer et al. [2011] would thus indicate that the larger response during solar minimum in our simulations is caused by the different solar conditions, and not due to other dynamical differences between the two SSWs. However, using a significantly longer database than Fejer et al. [2011] , Yamazaki et al. [2012b] did not find any significant solar flux dependence in the response of the lunar tide in the ionosphere to SSWs. It therefore remains unclear whether the ionospheric response to SSWs has a strong solar flux dependence, and additional numerical modeling and observational studies are necessary to fully understand how solar activity influences coupling between SSWs and the ionosphere.
Summary and Conclusions
[27] The average response of solar and lunar tides in the MLT to SSWs are investigated in the present study based on WACCM simulations of 23 SSWs. Global, statistically significant, changes are found to occur in the D0, SW1, and SW2 solar tides as well as the migrating semidiurnal lunar tide. The largest changes, relative to the background climatological values, are found to occur in the migrating semidiurnal lunar tide. The migrating semidiurnal lunar tide is enhanced globally, and the enhancements reach $60-70% at mid to high latitudes in the Northern Hemisphere. The greatest absolute changes are, however, found to occur in the SW2 and are $5-6 ms À1 . The SW2 changes are concentrated at mid to high latitudes in both hemispheres, although the changes are larger in the Northern Hemisphere. Interestingly, during SSWs the SW2 is enhanced between 100-115 km in both hemispheres, and decreases above $120 km in the Northern Hemisphere. Among the nonmigrating solar tides, the only notable changes are a decrease at low latitudes in the D0 and an increase in SW1 at mid to high latitudes. The tidal changes are considered to be driven by changes in the zonal mean zonal winds, changes in ozone forcing of the SW2, and nonlinear planetary wave-tide interactions. Although we consider these to be likely mechanisms for producing the tidal changes, additional studies are necessary in order to fully understand what drives the lunar and solar tidal changes during SSWs.
[28] In the present study we have also investigated the importance of the lunar tide on the low latitude ionospheric response to SSWs by using the WACCM-X thermosphere to drive an ionosphere-electrodynamics model. Changes in the equatorial vertical plasma drift velocity similar to those seen in observations are reproduced when lunar tidal forcing is incorporated into the WACCM-X. However, in the absence of lunar tidal forcing only small changes in the ionosphere occur around the time of SSWs. Our results therefore indicate that enhanced lunar tides during SSWs are of significant importance for generating the low latitude ionosphere perturbations during SSWs. The results of the present study further demonstrate that, despite generally being neglected, lunar tides can be of considerable importance in modeling of the atmosphere and ionosphere. Comparison of simulation results for solar maximum and solar minimum suggest that SSWs and lunar tidal changes have a larger impact on the ionosphere during solar minimum. We have, however, only performed a single SSW simulation for each solar condition, and further simulations are required in order to gain a comprehensive understanding of how the low latitude ionosphere response to SSWs is influenced by solar activity.
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